and worm ␤-tubulins are essential in spermatogenesis and neurogenesis.
Background
specific functions or serves principally to meet the demand for abundant microtubule synthesis during thromTerminally differentiated megakaryocytes (MKs) release blood platelets by extending microtubule-based cytobopoiesis. plasmic processes known as proplatelets [1] [2] [3] [4] and generate the mature platelet form de novo at the free ends of Chicken ␤6-tubulin, the avian ortholog of mouse ␤1-tubulin, is also restricted in expression to cells possessing these structures [5] . Central to this event is the assembly of the marginal band, a unique structure of tightly coiled a marginal microtubule ring and displays unique properties in microtubule assembly [12, 13] . Whereas most tumicrotubules that is found along the long axis of each platelet and is believed to maintain its discoid shape [6] .
bulins share amino acid identity in excess of 95%, mouse ␤1 and chicken ␤6 share only about 78% and 82% identity, Only two lineage-specific components of platelet release have been identified to date. Mice lacking the erythrorespectively, with widely expressed tubulins such as ␤2 and ␤5 [10, 14] ; this relative divergence further suggests megakaryocytic transcription factor NF-E2 are devoid of circulating platelets as a result of their failure to produce a capacity to interact with specialized microtubule-associated proteins (MAPs). When expressed ectopically in culproplatelets [7, 8] . NF-E2-deficient MKs have a complete absence of ␤1-tubulin [9] , the mammalian ␤-tubulin isotured fibroblasts, however, both mouse ␤1-and chicken ␤6-tubulin readily assemble in mitotic spindles and other form that shows the greatest sequence divergence and is exquisitely restricted in expression to platelets and mature microtubules [11, 12] . Although these experiments point to the versatility of ␤1-tubulin and are interpreted to MKs [9] [10] [11] . ␤1-tubulin is the predominant isoform in these cells, where it is localized in proplatelets and platelet suggest that vertebrate ␤-tubulin isoforms may be freely interchangeable, they do not shed light on the essential marginal bands. However, it remains unclear whether mammalian ␤1-tubulin fulfills essential MK-and plateletfunctions in vivo. Results from other species also reveal the need for caution in inferring the roles of structurally distinct tubulins. Fungal tubulin isoforms appear to be functionally redundant [15, 16] , whereas the testis-specific ␤2 isoform in Drosophila is essential for specific aspects of spermatogenesis [17, 18] . Similarly, the ␤-tubulin encoded by the Caenorhabditis elegans mec-7 gene is required for formation of distinctive 15-protofilament microtubules present in touch receptor neurons [19] . To resolve outstanding questions about the essential functions of a structurally distinct vertebrate tubulin and to investigate the molecular basis of thrombopoiesis, we generated mice with targeted disruption of the ␤1-tubulin gene.
Results and discussion
Loss of ␤1-tubulin leads to defects in platelet biogenesis Exon 3 of the mouse ␤1-tubulin gene locus encodes amino acids 56-451, including domains required for interactions with ␣-tubulin and MAPs. To delete this exon in the mouse germline, we introduced the targeting construct ( Figure 1a ) in embryonic stem (ES) cells, isolated clones showing homologous recombination by Southern analysis (Figure 1b) , and generated mice lacking ␤1-tubulin (Figure 1c) . Although the two remaining exons might encode a short peptide, this peptide is not predicted to assemble into functional microtubules. These mice represent the first example of germline loss of a tubulin isotype in a mammal.
Homozygous ␤1-tubulin Ϫ/Ϫ mice are produced at the ex- pected Mendelian frequency, are fully developed, and
The selected relevant restriction sites are indicated, as is the location do not show anemia or other stigmata of hemorrhage.
of the 5Ј flanking probe used in Southern analysis and the predicted However, their average platelet counts are less than 50%
sizes of the bands in ScaI-digested DNA for the wild-type (wt) and of the wild type, and heterozygotes have intermediate half of the large cells in control cultures show a rich network of proplatelets ( Figure 2b) . A smaller fraction of ␤1-tubulin ϩ/Ϫ MKs displays these extensions, whereas ␤1-tubulin Ϫ/Ϫ cells almost never elaborate proplatelets in vitro (Figure 2c ). Conceivably, ␤1-tubulin could be reMKs commonly display shape changes (inset, Figure 2e ) quired primarily for endomitosis, which precedes platelet and peripheral redistribution of microtubules (Figure 2d ), biogenesis in polyploid MKs, rather than in generating they extend primitive proplatelets very rarely (Figure 2e ) proplatelets per se. However, ␤1-tubulin Ϫ/Ϫ MKs show and never progress to a final phase of abundant proplatelet exactly the same profile of DNA content as wild-type formation. Thus, ␤1-tubulin may be dispensable to initicells (data not shown), which argues against this possibilate thrombopoiesis but is essential for optimal platelet ity. Taken together, these observations point to an essenproduction in vitro and in vivo. Whereas the cardinal findtial role for ␤1-tubulin in late MK differentiation and ings of thrombocytopenia and defective marginal bands platelet release.
(see below) are consistent with intrinsic defects in platelet biogenesis, the failure of ␤1-tubulin Ϫ/Ϫ MKs to generate We have previously shown that proplatelet formation is abundant proplatelets might also partially reflect limitapreceded by characteristic morphologic changes, includtions of cell culture. Absence of ␤1-tubulin in vivo likely ing distorted MK cell shape and condensation of microturesults in reduced numbers, length, and/or branching of bule bundles into the cytoplasmic cortex; the earliest proproplatelets, deficiencies that may be exacerbated in culplatelets are short, teardrop-shaped pseudopodia with distal microtubule coils [5] . Although cultured ␤1-tubulin Ϫ/Ϫ ture to result in greatly reduced proplatelet numbers. between the wild-type (9.1 Ϯ 0.8) and homozygous null response of isolated platelets to a dose range of thrombin in vitro. Platelet activation was detected by expression of P-selectin by flow cytometry on blood from seven mice of each genotype. Results are expressed as the mean Ϯ SEM of % P-selectin ϩ platelets.
Generation and maintenance of cell shape are thought to be important roles of the marginal band in mammalian platelets [6] , but this requirement is controversial and has not previously been tested in vivo. We found that most platelets circulating in ␤1-tubulin Ϫ/Ϫ mice lack the normal gous mice (Figure 5a ). The hemostatic defect implied elliptical appearance (Figure 4 ), although the average by this result seems disproportionate to the circulating platelet size is normal (data not shown). Using confocal platelet count, which is reduced by about 60% (Figure immunofluorescence and rapid-freeze electron micros2a), and suggests that ␤1-tubulin Ϫ/Ϫ platelets may have copy, we also find consistent defects in marginal band intrinsic functional defects. To test this possibility, we structure, including an irregular shape and frequent kinks examined induced expression of the activation marker and breaks (data not shown), possibly reflecting looser P-selectin. Indeed, the response of ␤1-tubulin Ϫ/Ϫ platelets winding of the microtubule coil.
to thrombin is significantly attenuated (Figure 5b ). Previous insights into the significance of the platelet marginal band have only been obtained in vitro following pharmaThese quantitative and structural defects in platelet micologic or cold disruption of microtubules [6, 22, 23] . Our crotubules prompted us to investigate the platelet hemofirst glimpse into the role of the platelet marginal band static function. Although ␤1-tubulin Ϫ/Ϫ mice show no eviin vivo supports the notion that it maintains an elliptical dence of spontaneous hemorrhage over the first 8 months cell shape and suggests an unanticipated role in platelet of life in a controlled environment, their mean bleeding time is 260 s, compared to 50 s in wild-type or heterozyfunction. 
Role of non-␤1-tubulin isoforms in thrombopoiesis
The presence of significant platelet numbers in ␤1-tubulin Ϫ/Ϫ mice raises the question of how they are produced in the absence of the predominant ␤-tubulin isoform expressed in platelets and mature MKs [9, 11] . The total ␤-tubulin content of mature MKs isolated from the knockout and wild-type mice is very similar (Figure 6a) , demonstrating that ␤1-tubulin Ϫ/Ϫ MKs increase expression of alternative isoforms significantly. To investigate this in greater detail, we examined the transcript levels of each of the five known murine ␤-tubulins. For convenience, here we apply primarily one nomenclature scheme for mouse ␤Ϫtubulin isoforms [10] , but we also refer to another scheme in wide usage [24] . Steady-state mRNA levels of both ␤2 (␤ II )-and ␤5 (␤ I )-tubulin are increased in purified ␤1-tubulin Ϫ/Ϫ MKs, as judged by semiquantitative RT-PCR (Figure 6b ). Despite this physiologic compensation, however, ␤1-tubulin Ϫ/Ϫ MKs cannot sustain effective thrombopoiesis, as reflected in the diminished number and aberrant structure of blood platelets.
To investigate how the differences in MK tubulin mRNA levels may be reflected in platelet microtubules, we used isotype-specific antibodies [11, 25] to examine protein expression. To account for the reduced microtubule content of ␤1-tubulin Ϫ/Ϫ platelets, as seen in Figure 3 , sample loading was normalized to detect equal amounts of ␣-tubulin. Protein levels of both the ␤2 and ␤5 isotypes are increased in ␤1-tubulin Ϫ/Ϫ platelets compared to the wild type (Figure 6c) , and immunofluorescence analysis confirms this result, as shown for ␤5-tubulin (Figure 6d) . Neither of the other known isoforms, ␤3 and ␤4, is expressed in blood platelets from wild-type or knockout mice. Although differences in antibody affinity preclude strict assessment of isotubulin proportions, we can conclude that platelet microtubules are usually a composite of at least three distinct ␤-tubulin isoforms, and that two of these, ␤2 and ␤5, compensate, in part, for the absence of ␤1. The partial nature of this compensation strongly suggests that non-␤1 isoforms incorporate less efficiently Whereas similar distributions are seen for the ␤2 and ␤5 tubulins, virtually all of the ␤1 isoform is found in the used in the protein extraction protocol (data not shown). Taken together with the normal pool of total ␤-tubulin protein in mature ␤1-tubulin Ϫ/Ϫ MKs (Figure 6a ), these results demonstrate that non-␤1-tubulin isoforms are less efficient than ␤1 in mediating both platelet production and marginal band assembly. Thus, one important function of ␤1-tubulin may be to recruit or enhance entry of other ␤-tubulins into the unusual, coiled structure of the platelet marginal band.
Components of a lineage-specific machinery for thrombopoiesis
These findings represent an important advance in the molecular basis of thrombopoiesis. Disorders of platelet number and function occur in several spontaneous and targeted mutant mice [26] [27] [28] , but NF-E2 and ␤1-tubulin remain the best characterized cell-restricted mediators of MK fragmentation and platelet release. The ␤1 isoform is estimated to account for 90% of the total ␤-tubulin content in blood platelets [11] . In agreement with this estimate, NF-E2-deficient MKs, which express no ␤1-tubulin, also show 80%-90% reduction in the total ␤-tubulin content [9] . Our observation that mature ␤1-tubulin Ϫ/Ϫ MKs have a normal ␤-tubulin content hence reveals an unexpected difference between ␤1-tubulin and NF-E2 knockout cells. The defect in NF-E2-deficient MKs may thus extend beyond a single ␤-tubulin isotype, even though ␤1 alone shows reduced mRNA levels [9] . within diverse microtubule structures? Although a considerable body of work has addressed this question [24, 31, 32] , the answers remain uncertain. Most microtubules probably incorporate all available ␤-tubulin isoforms, and polymerized fraction (Figure 7) . Thus, even in normal the platelet marginal band is no exception (Figures 6 and blood platelets, there is a clear difference in the degree 7), yet selected ␤-tubulins clearly possess biochemical to which structurally distinct ␤-tubulins assemble in the properties that suggest specialized functions [12, 25] . Permarginal microtubule ring.
haps the best genetic evidence for the nonredundant functions of an individual ␤-tubulin isoform lies in the observaIn ␤1-tubulin Ϫ/Ϫ platelets, only about 11% of the total tion that the requirement for Drosophila ␤2-tubulin in ␣-tubulin is found in the polymerized fraction, supporting axoneme assembly and spermatid nuclei cannot be substithe argument that the efficiency of marginal band assemtuted by the minor isoform ␤3 [17, 18]. Our genetic study bly is substantially reduced. Moreover, compared to conto address the essential functions of a structurally distinct trol platelets, lower proportions of ␤5-and, especially, ␤2-mammalian tubulin points to a similar status for ␤1-tubulin are present in the insoluble fraction (Figure 7) . tubulin in thrombopoiesis. We particularly demonstrate These differences between normal and ␤1-tubulin Ϫ/Ϫ platelets are preserved over a range of taxol concentrations that non-␤1 isoforms are compromised in their ability to assemble into platelet microtubules in the absence of ␤1- to chicken ␤6-tubulin, the avian ortholog of ␤1-tubulin
Livers were recovered from mouse fetuses between E13.5 and E15.5 [12, 13] .
and cultured in the presence of thrombopoietin as described previously [8, 9] . On the fourth day, cells were sedimented over a 1.5/3% albumin step gradient [35] to obtain populations enriched Ն90% for mature
MK and platelet microtubules are unusual in their rapid
MKs. Proplatelet-producing cells were scored manually on day 5 by elongation over a long distance, frequent and repeated phase contrast microscopy of suspension cultures. Total cellular RNA branching [5] , and tight elliptical coiling; we reason that was isolated from purified MKs using RNAzol B (Tel-Test) and reverse mammalian ␤1-tubulin may be uniquely endowed to entranscribed. RT-PCR was performed for cycle numbers in the linear range of amplification using ␣-[ 32 P]dCTP as a radiotracer, a 60ЊC annealing able some of these processes. The greatest sequence ditemperature, and primers reported previously [9] . Products were devergence between mouse ␤1-tubulin and other isoforms tected by autoradiography after gel electrophoresis.
is found in the carboxy-terminal domain that interacts with MAPs, and the specialized functions of ␤1-tubulin platelets than wild-type littermates, and these platelets and platelet number was determined manually by phase contrast microscopy using the Unopette system (Becton-Dickinson). Bleeding time was
show a multitude of structural and functional defects, lack the characteristic discoid shape, and they show an of bleeding, signifying the stability of the platelet plug, was noted as the endpoint. To measure platelet activation [36] , isolated platelets were attenuated response to thrombin; accordingly, the knock- alternative ␤Ϫ tubulin isoforms compensate only partially and 5 mM dextrose) and incubated with 1 g/mL phycoerythrin-conjufor the loss of ␤1-tubulin because, normally, the latter is gated CD61 antibody (Pharmingen), 2 g/mL FITC-conjugated P-selectin antibody (Pharmingen), and varying amounts of thrombin (Sigma) at preferentially assembled in platelet microtubules. These 37ЊC for 10 min. Samples were then fixed, diluted, and analyzed by flow findings establish an essential role for mouse ␤1-tubulin cytometry within 1-2 hr to find the percentage of CD61 ϩ particles in platelet biogenesis, structure, and function.
expressing P-selectin.
Materials and methods

Immunofluorescence and immunoblot analysis Materials
Immunostaining and immunoblot analysis were performed as described Rabbit anti-␤1-tubulin antiserum [11] and monoclonal antibodies (mAb) previously [5, 9] . Fixed (15-20 min, 4% formaldehyde) MKs or resting that are specific for each known ␤-tubulin isoform [25, 33] were platelets were cytocentrifuged onto poly-L-lysine-coated coverslips, pergifts from Sally Lewis and Nick Cowan (New York University) and meabilized with 0.5% Triton X-100, and blocked with 0.5% bovine serum Richard Luduena (University of Texas), respectively. mAb against GAPDH albumin (BSA) in PBS. Slides were incubated serially with 5 g/mL (Biodesign), and against conserved ␣-tubulin (Sigma) or ␤-tubulin (ICN primary antibody and a 1:200 dilution of FITC-conjugated anti-mouse IgG Immunochemical) epitopes were purchased.
(Sigma) and washed extensively. Controls were processed identically, except for the omission of the primary antibody, and did not give a
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detectable signal (data not shown). Images were obtained using a Zeiss Axiovert S100 microscope with a 100ϫ oil immersion objective. Comparof ␤1-tubulin knockout mice ␤1-tubulin genomic fragments were isolated from a 129-derived library isons were made between identical exposures. For immunoblot analysis, cell extracts were resolved by SDS-PAGE, transferred to Immobilon-P (Stratagene). BamHI-BglII (1.8 kb) and KpnI-NotI (4.5 kb) fragments were cloned into the 5Ј and 3Ј homology sites, respectively, of the gene membranes (Millipore), and incubated with the primary antibody (1: 
